Pre-procedural ultrasound scanning has been used to facilitate spinal anaesthesia in patients with difficult anatomical landmarks and shown to improve first-attempt success rates in some studies. We studied whether pre-procedural ultrasound scanning improved first-attempt success rate and decreased time taken for the procedure in the general adult population. In this prospective, randomised controlled trial, 170 American Society of Anesthesiologists physical status 1 to 3 patients aged between 21 and 80 years were recruited. Informed consent was obtained. Patients were randomised into two groups, ultrasound-guided identification of landmarks (Ultrasound Group) and manual palpation of landmarks (Manual Palpation Group). The primary outcome was first-attempt success rate and secondary outcomes were time taken to perform procedure, number of needle redirections, patient satisfaction and complications. The first-attempt success rate was 64% in the Ultrasound Group and 52% in the Manual Palpation Group (P=0.16). Time taken for procedure was shorter in the Ultrasound Group compared to the Manual Palpation Group (2.9±3.6 minutes versus 3.9±3.7 minutes, P= 0.007). Patient satisfaction was higher in the Ultrasound Group. There were no differences in complications.
Spinal anaesthesia is a commonly performed procedure. Traditionally, the site of needle insertion is determined by manual palpation, using the iliac crest and the tips of the spinous processes as surface landmarks. Recently, there has been increasing interest in using ultrasound to identify an optimal site for needle insertion, especially in patients with difficult anatomical landmarks. Studies have suggested that ultrasound can accurately determine the correct lumbar interspace 1-2 and estimate the depth of needle insertion for central neuraxial blocks [3] [4] [5] . Pre-procedural ultrasound scanning is especially beneficial in patients whose surface landmarks are difficult to palpate or are distorted due to obesity, spinal abnormalities or previous spinal surgeries. A study in patients with difficult surface anatomical landmarks showed that the success of spinal anaes-thesia upon first attempt was twice as high after a pre-procedural ultrasound scan compared to manual palpation 6 . We studied whether pre-procedural scanning with ultrasound would improve the first-attempt success rate and decrease the time taken to perform spinal anaesthesia in the general adult population.
METHODS
Following ethics approval by the SingHealth Centralised Institutional Review Board (2010/591/D), and obtaining informed written consent from each participant, 170 patients were enrolled in this prospective, randomised controlled trial, conducted between April 2011 and April 2012 at Changi General Hospital, Singapore. The trial is registered on ClinicalTrials.gov (NCT01699373).
Patients scheduled for surgery amenable to spinal anaesthesia, aged between 18 and 80, with American Society of Anesthesiologists physical status 1 to 3 were eligible to be enrolled. Patients were excluded if they were unable to give consent, refused spinal anaesthesia or had contraindications to spinal anaesthesia, including allergy to local anaesthetic or a bleeding diathesis. A computer-generated block randomisation schedule was used to randomise patients in a ratio of 1:1 and in blocks of ten to either a pre-procedural ultrasound scan (Ultrasound Group) or manual palpation of landmarks (Manual Palpation Group) to identify the site of needle insertion. Group allocation was concealed to study investigators until the time of the procedure. Due to the nature of the intervention, blinding of the patient and anaesthetist performing the procedure was not possible.
Baseline characteristics of the patients were recorded, such as age, gender, body mass index (BMI), presence of spinal abnormalities (including scoliosis and previous spine operations with instrumentation), ease of palpation of anatomical landmarks and years of clinical experience of the operator.
Intravenous access was established and standard monitors (three-lead electrocardiogram, noninvasive blood pressure device and pulse oximeter) were applied. The operator had the option of performing the procedure with the patient in either the sitting or the lateral position. For patients in the lateral position, the paramedian spinal technique was performed on the dependent side. For patients in the sitting position, the spinal could be performed on either side. In patients with scoliosis in the ultrasound Group, the spinal was performed on the side with a better quality of image (usually the convex side as the interspaces are wider). No sedation was given prior to the procedure.
In the Ultrasound Group, a pre-procedural ultrasound scan of the spine was performed by a study investigator. Scans were performed by one of two study investigators who were trained and experienced in ultrasound-assisted neuraxial block. Scans were performed with an M-Turbo ® ultrasound machine (SonoSite, Fujifilm, Bothell, WA, USA) with a low frequency (2 to 5 MHz) curvilinear probe. Scans were performed in the longitudinal parasagittal (LP) and transverse midline (TM) views.
The intervertebral levels were identified by counting upwards from the sacrum (continuous hyperechoic line) in the LP view. The probe was then moved medially and angled obliquely to obtain a paramedian oblique view. The locations of the interlaminar spaces were identified by visualising the ligamentum flavum-dura mater complex and the posterior aspect of the vertebral body. The angulation at which the ligamentum flavum-dura mater complex and posterior vertebral body were best visualised was considered the optimal angle for needle insertion and was clearly communicated to the operator. The interlaminar space was centred on the ultrasound screen and a skin marker was used to make a mark on the patient's back at the middle of the ultrasound probe. The depth to the ligamentum flavum-dura mater complex and the posterior aspect of the vertebral body was measured using the built-in electronic calliper function on the ultrasound machine and recorded on the data collection form. The depth of needle insertion was estimated as the midpoint between the ligamentum flavum-dura mater complex and the posterior aspect of the vertebral body. This process was performed at the L2/3, L3/4 and L4/5 interspaces. A scan was then performed in the TM view. Similarly, the angle at which the ligamentum flavumdura mater complex and the posterior aspect of the vertebral body were best visualised was noted and the depth measured using the electronic calliper. The quality of the scan at each level was recorded and the level at which the quality of the scan was optimal was chosen as the interspace for the first attempt. If the first attempt was unsuccessful, the operator had the option of making further attempts at the same interspace or choosing another interspace.
Patients allocated to the Manual Palpation Group had the site of needle insertion determined via manual palpation by the operator. A line joining the superior aspect of the iliac crests posteriorly (Tuffier's line 7 ) was used as a surface landmark for the L4 vertebral body. The midline was established by palpation of the tips of the spinous processes. The site of needle insertion for a paramedian approach was marked on the patient's skin. The ease of palpation of anatomical landmarks was graded as easy, moderate, difficult or impossible. The interspace that appeared widest, based on manual palpation, was chosen for the first attempt. If the first attempt was unsuccessful, the operator had the option of making further attempts at the same interspace or choosing another interspace.
Operators had zero to three years of clinical experience in anaesthesia. Spinal anaesthesia was performed with a 25-gauge Quincke needle. The number of attempts required (each skin puncture was considered a separate attempt), number of needle redirections (where needle is redirected without complete withdrawal from skin) and time taken to perform the procedure (time of needle insertion to obtaining cerebrospinal fluid) were recorded. The actual needle insertion depth was calculated by measuring the length of needle from the skin to the needle hub with a sterile paper ruler at the end of the procedure and subtracting from the entire needle length. Patient satisfaction was rated immediately after the procedure as very satisfied, satisfied or dissatisfied. Success of spinal anaesthesia was defined as a sensory block level of above T10 within 30 minutes of administration of local anaesthetic. Requirement for supervisor intervention (the supervisor assisting in performing the procedure) and complications such as bloody tap or paraesthesia were recorded by an independent observer (usually an anaesthetic nurse) not involved in recruitment, randomisation or analysis of results. The primary outcome was the rate of successful dural puncture with the first attempt. Secondary outcomes were the time taken to perform spinal anaesthesia, the number of redirections, patient satisfaction and immediate complications.
Number of patients
The sample size of 170 patients was calculated based on the aim to detect a 20% increase in the firstattempt success rate using pre-procedural ultrasound scanning. Prior studies showed an 84% success rate at first attempt after ultrasound-assisted spinal anaesthesia 5 versus 61 to 64% in patients whose landmarks were identified via manual palpation [8] [9] [10] . Accepting an alpha error of 5% and a beta error of 20% (80% power), 84 subjects in each arm were required.
Statistical analysis was performed using SPSS Version 19 (IBM, Armonk, NY, USA) and STATA Version 10.1 (StataCorp, College Station, TX, USA). Categorical outcomes were analysed with the chisquare test, continuous data were analysed with t-tests and non-parametric data were analysed with the Mann-Whitney u test. A two-tailed P value of <0.05 was taken as statistically significant.
RESULTS
A total of 170 patients were recruited and randomised. All patients completed the study, with no missing data or loss to follow-up. The patients' characteristics are summarised in Table 1 . There were more males (65% versus 47%) and more patients with scoliosis (14% versus 5%) and spinal abnormalities (18% versus 7%) in the Ultrasound Group. The majority of patients underwent orthopaedic procedures, followed by general surgical and urological procedures, with more patients in the Manual Palpation Group (74% versus 52%) undergoing orthopaedic procedures. Almost a quarter of all patients recruited underwent fixation of hip fractures, and there was no statistically significant difference in number between groups (19% versus 28%, P=0.21). There were more spinals performed in the sitting position in the Ultrasound Group than in the Manual Palpation Group (P=0.014). The rest of the baseline characteristics were comparable.
There was no statistically significant difference in the rate of success at first attempt between the Ultrasound and Manual Palpation groups (64% versus 52%, P=0.16) (Figure 1) . The time taken to perform the procedure was shorter in the ultrasound Group compared to the Manual Palpation Group (2.9±3.6 minutes versus 3.9±3.7 minutes, P=0.007) ( Table 2) .
There was no significant difference between groups for the number of redirections (P=0.26) ( Figure 2 ). Fewer procedures in the Ultrasound Group required supervisor intervention compared to the Manual Palpation Group (12% versus 26%, P=0.03). Patient satisfaction was higher in the Ultrasound Group (P <0.0001) ( Table 2 ). All spinal anaesthetics were successful in the Ultrasound Group but two patients in the Manual Palpation Group had unsuccessful blocks and required conversion to general anaesthesia. There were no significant differences between groups in terms of complications such as paraesthesia or bloody tap ( Table 2) .
The estimated needle depth on the LP view was 51.1±7.7 mm and on the TM view was 50.8±7.3 mm, while the actual needle depth was 62.1±9.7 mm. There was a strong positive correlation between the needle depths estimated using ultrasound and the actual depth. The Pearson correlation coefficient was 0.64 (P <0.0001) for the LP view and 0.61 (P <0.0001) for the TM view.
Logistic regression was performed to account for possible confounders. Age, BMI and gender did not have a statistically significant influence on the primary outcome. There was no statistically significant difference in the rate of first-attempt success between spinals performed in the sitting versus lateral position.
DISCUSSION
In this study of patients undergoing all types of surgeries, including emergency procedures, the firstattempt success rate of spinal anaesthesia among patients having a pre-procedural ultrasound scan was not significantly different to that among those undergoing standard manual palpation. The time taken to perform the procedure was shorter and patient satisfaction was higher in the ultrasound group. We believe this is the first study on ultrasound-guided spinal anaesthesia using the paramedian approach and the largest randomised, controlled trial to date, evaluating pre-procedural ultrasound scanning to facilitate spinal anaesthesia. Previous studies performed in the adult, non-obstetric population only recruited patients undergoing elective orthopaedic procedures.
The success rate of spinal anaesthesia on first attempt in our study was 64% in the group which had pre-procedural ultrasound scan and 52% in the control group, giving a success rate lower than that achieved in other studies on which our sample size was estimated. In a prospective, descriptive study conducted in patients undergoing elective joint arthroplasty, ultrasound-guided spinal anaesthesia was successful in 84% of patients 5 . However, in contrast to our study, all procedures were performed by a single, experienced operator. In a randomised, controlled trial in patients with difficult anatomical landmarks, the success rate of spinal anaesthesia in the group having pre-procedural scanning was 65% versus 32% in the control group 6 . In that study, all procedures were performed by operators with more than five years of clinical experience, whereas our operators had less than or equal to three years of experience. We chose not to limit the operator to the study investigators because we wanted the study to reflect routine clinical practice in a teaching hospital, where most procedures are performed by trainees. Values are mean ± standard deviation or number (%).
A previous study showed that residents had a higher epidural insertion success rate when pre-procedure ultrasound imaging was used 11 . In this study we included patients undergoing all types of surgeries amenable to spinal anaesthesia, including hip fractures, whereas in the abovementioned studies only patients undergoing elective joint arthroplasty or orthopaedic lower limb surgeries were included. Because patients with hip fractures are more difficult to position, this may also have contributed to the lower first-attempt success rates noted in our study. Other investigators reported that independent predictors of first-attempt success rate include adequacy of patient positioning, the quality of anatomical landmarks and the provider's level of experience 8 .
The time taken to perform the procedure was shorter in the group with a pre-procedural scan but the time taken to perform the ultrasound scan was not recorded, and although this contributed to the preparation time, we considered that the actual time taken to perform the procedure itself was more clinically important because this is the period in which patient discomfort and potential complications might occur [12] [13] . The shorter time might account for higher patient satisfaction in the pre-procedure scan group.
The correlation between estimated depth of needle insertion using ultrasound and the actual depth was strong. This is consistent with previous studies 3, 5 showing that ultrasound is an effective tool for estimating the depth of needle insertion. ultrasound could potentially be useful in selecting a needle of appropriate length, especially in an obese patient. The actual depth was consistently longer than the estimated depth, probably because some skin pressure is exerted to improve the quality of the image while performing the ultrasound scan and this inevitably compresses subcutaneous tissue. In our opinion it seems reasonable to expect the actual needle depth to be approximately 1 cm more than that estimated from the ultrasound scan.
We chose to use the paramedian approach instead of the midline approach to perform spinal anaesthesia because it is standard practice in our hospital and the role of ultrasound for this approach has not been studied before. A study of ultrasound imaging of the lumbar spine showed that the longitudinal paramedian approach is superior to the transverse and median approaches, giving a larger permeable window than the median approach 14 . Another study found that the success rate of continuous spinal anaesthesia was higher in elderly patients when the paramedian rather than midline approach was used (85% versus 45%) 15 .
The better visibility of the target structures might explain the higher success rate with the paramedian approach compared to the midline approach, but it is more difficult to accurately mark the site of needle insertion for a paramedian approach or to ensure that the operator follows the same trajectory as the person who performed the scan. The depth of needle insertion would also be longer given that the needle is inserted at an angle and not perpendicular to the midline.
There are several limitations to our study. Due to the design of the study, blinding of the patient, operator and study investigator was not possible, which could increase bias. In addition, there were some differences in baseline characteristics not accounted for by randomisation. In particular, there were more patients with spinal abnormalities and scoliosis in the Ultrasound Group, which might have confounded the results in favour of the Manual Palpation Group because these patients have difficult anatomical landmarks and are expected to be more technically difficult. Subgroup analysis was not performed as the number of patients with spinal abnormalities and scoliosis was small. When these patients were excluded from the analysis, there was still no statistically significant difference in the primary outcome between the two groups. The time taken to perform the ultrasound scan, which contributes to preparation time, was not recorded. This is a variable component depending on the skill of the operator and technical difficulty of the scan. Although the time taken to perform the procedure in the Ultrasound Group was shorter, the absolute difference was small and may not translate to better operating theatre utilisation time, especially considering the additional preparation time required to perform the scan.
ultrasound is an operator-dependent skill, so the results of a single study in which all scans were performed by two study investigators may not be generalised. Also, the learning curve for ultrasound assessment of the lumbar spine is steep. A study assessing learning curves showed that 20 supervised trials and teaching sessions were not sufficient to achieve competence in this skill 16 . Hence, it would be challenging for trainees to achieve competence and perform ultrasound scanning of the lumbar spine routinely before performing spinal anaesthesia.
The procedure was not performed under real-time ultrasound guidance. It is technically challenging to perform central neuraxial blocks under realtime ultrasound guidance for several reasons. If performed by a single operator, the operator would have to stabilise the curvilinear probe with one hand to maintain the image while advancing the needle with the other hand. Alternatively, a second operator would be required to hold the ultrasound probe. The subarachnoid space is deep and needle visualisation may be difficult due to the steep needle trajectory. Sterility has to be strictly maintained to prevent any infection, hence the probe would need to be adequately covered with a sleeve that does not compromise the ultrasound image or handling of probe. Furthermore, there are no data on the safety of ultrasound gel if it were to be accidentally introduced into the subarachnoid space.
In our study, the pre-procedural scan and markings were made by the study investigator and the procedure was performed by a trainee because ultrasound scanning of the spine is technically challenging and none of our trainees were competent enough to perform the pre-procedural scan. As the procedure was performed by a different anaesthetist to the ultrasonographer, it may have been difficult to follow the same trajectory. We tried to minimise this problem by ensuring that the operator was present during the pre-procedural scan and that the study investigator marked the point of needle insertion and communicated clearly the angle at which the needle should be inserted.
There are no markings on ultrasound transducers to indicate midline or the origin of the ultrasound beam, so there is likely to be some inaccuracy when marking the needle insertion point on the skin. Also, if the patient moves or is repositioned between the time of skin marking and the actual procedure, the skin marking may no longer correspond to the optimal point identified for needle insertion.
The average BMI in our patient population was 25, which limits extrapolation of the results to populations with a significantly greater BMI. In a study showing that ultrasound-assisted spinal anaesthesia improved the first-attempt success rate in patients with difficult surface anatomical landmarks 6 , BMI >35 was an inclusion criterion. Our study showed that in a population where the incidence of obesity is low, routine pre-procedural ultrasound scanning may not improve the first-attempt success rates.
In conclusion, our study did not show a higher firstattempt success rate for paramedian spinal anaesthesia as a result of a pre-procedural ultrasound scan in the general adult population. Although ultrasound scanning reduces the time taken to perform the actual procedure, additional preparation time is required to perform the scan and thus this time advantage may not translate into improved theatre efficiency. Ultrasound can be a useful tool to estimate the depth of needle insertion. ultrasound scans need to be performed by operators with competence and training in this area, and current evidence supporting routine pre-procedural scanning of all patients undergoing spinal anaesthesia is inadequate. At the moment, ultrasound scans to facilitate spinal anaesthesia should probably be limited to selected patients for whom spinal anaesthesia may be technically challenging using conventional methods.
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